Abstract. This study focused on the development of flexible (i.e., deformable) multiple-unit pellets that feature (i) a prolonged drug release, (ii) drug abuse deterrence, and (iii) a minimal risk of alcohol-induced dose dumping (ADD). Deformable pellets were prepared via an advanced continuous one-step hot-melt extrusion (HME) technique, with the drug (i.e., antipyrine and codeine phosphate) fed as an aqueous solution into the molten matrix material (i.e., cornstarch, gum arabic, and xanthan). Formulations that had suitable mechanical characteristics (i.e., high compression strength) were coated with a flexible Aquacoat ® ARC film to ensure prolonged release and to avoid ADD. The pellets were characterized in terms of their mechanical properties and in vitro drug release behavior in alcoholic media. All formulations were abuse deterrent: they had a high compression strength and grinding the pellets into powder was impossible. Since the pellets comprising gum arabic and xanthan as a matrix did not remain intact during dissolution testing, they had a very fast drug release rate. Cornstarch-based pellets that swelled but remained intact in the dissolution media had a slower drug release. Coated cornstarch-based pellets had a prolonged release over 8 h and resistance to dose dumping in 20 and 40% ethanol. Our results indicate that cornstarch-based pellets manufactured via the advanced HME process followed by coating are a promising formulation that makes tampering difficult due to a high compression strength combined with robustness in alcoholic media.
INTRODUCTION
Drug abuse of oral opioids and non-opioid drugs with a narrow therapeutic window, such as benzodiazepines (central nervous system depressants) and amphetamines (stimulants), has received increased public attention in recent years (1) . Drug abuse can be defined as Bthe use of medication for its mind-altering effects, whether or not one also has pain or has been prescribed the medication^ (2) . Due to their high drug loading and euphoric effects, controlled-release opioid dosage forms that are first-choice formulations for (chronic) pain treatment (3-5) are especially popular among drug abusers (1) . Drugs are either chewed or crushed to subsequently snort or dissolve them in common solvents for intravenous injections in order to achieve euphoric and mind-altering effects (1, 6, 7) . To counteract these practices, the Food and Drug Administration (FDA) suggested several approaches described in the draft guidance document covering the evaluation and labeling of abuse-deterrent opioids (7, 8) , which include (i) physical and chemical barriers, (ii) agonist/ antagonist combinations, (iii) aversion, (iv) certain delivery systems, (v) prodrugs, and (vi) combinations thereof ( Fig. 1) . Physical barriers prevent destruction of the dosage form (e.g., due to increased hardness), whereas chemical barriers impede extraction using common solvents (9) . Incorporating an antagonist reduces the euphoria if the drug product is manipulated (e.g., ground). If the drug product is swallowed (i.e., used as prescribed), the antagonist is not clinically active. Aversion is created when upon manipulation, the drug product releases substances that cause unpleasant temporary side effects (e.g., warmth, flushing, itching, sweating). Furthermore, it is recommended to use unattractive delivery systems (e.g., subcutaneous implants). Prodrugs that hinder opioid activity and the associated euphoric effects until they are transformed in the gastrointestinal tract can prevent abuse via the intravenous and nasal routes (9) .
Although these are promising tools for ensuring safe and abuse-deterrent drugs, only a few proven products are available on the market and studies in this field are scarce (10) (11) (12) .
Hysingla™ ER tablets (Purdue Pharma) containing hydrocodone bitartrate provide abuse resistance via physical and chemical barriers (13) . They are formulated using RESISTEC™, which obstructs tablet crushing by applying a unique combination of polymer and processing to ensure a high tablet hardness (i.e., physical barrier). Moreover, when dissolved in an aqueous environment, the tablet immediately forms a viscous hydrogel (i.e., chemical barrier) (13) , making injecting it impossible. Another abuse-deterrent drug product is Zohydro ® ER capsules comprising hydrocodone bitartrate and manufactured via BeadTek™ (14), a capsule formulation technology that incorporates well-known excipients and is designed to deter abuse. If the capsule is crushed and dissolved in liquids, a viscous gel is immediately formed (14).
Despite existing and hypothetical approaches to make affective abuse-deterrent formulations, tampering with drugs and subsequent drug abuse can never be eliminated entirely. Rather, formulators should focus on reducing the abuse potential by making tampering difficult and time consuming. Such formulations are less attractive to drug abusers, who are reported to spend no more than 10 min on tampering (15, 16) .
Another challenge in the development of safe drug products is minimizing the risk of alcohol-induced dose dumping (ADD) (Fig. 1) . Concomitant intake of alcoholic beverages and controlled-release oral dosage forms may alter the release-rate-controlling mechanism of the formulation, resulting in an immediate and uncontrolled drug release (17) (e.g., an opioid overdose, which may lead to respiratory depression followed by hypoxia and even death (18) ). Especially those patients that suffer from (chronic) pain tend to consume alcohol to cope with the pain-related stress and reduce the pain perception (17) .
Overall, there is a growing demand for new flexible technologies for producing safe drug products that prevent both (1) drug abuse and (2) ADD. Recently, Gruenenthal GmbH patented a tamper-resistant oral dosage form comprising a drug with a psychotropic action and an ethylene-vinyl acetate (EVA) polymer (19) . Manufactured via thermoforming technologies, such as hot-melt extrusion (HME), it is resistant to solvent extraction, grinding, and dose dumping in aqueous ethanol (19) . However, the majority of the existing studies address either abuse deterrence or ADD (20) but not both topics at the same time.
In this study, we focus on the development of multipleunit dosage forms (i.e., pellets) that show a prolonged release and are designed to resist ADD and (due to their high compression strength) tampering with the most common household devices. For pellet preparation, an innovative manufacturing process based on the HME technique was applied. Thereby, the (visco)elastic properties of the matrix materials (i.e., cornstarch, gum arabic, and xanthan) can be achieved by introducing water directly into the matrix melt. Subsequent coating of the pellets ensured a prolonged release of the model drugs (i.e., antipyrine and codeine phosphate) and ADD resistance.
MATERIALS AND METHODS

Materials
Antipyrine (Fluka, Sigma Aldrich, St. Louis, USA) and codeine phosphate hemihydrate (donated by G.L. Pharma GmbH, Lannach, Austria) were used as the model drugs. Cornstarch (Carl Roth GmbH, Karlsruhe, Germany), gum arabic (ACM Herba Chemosan AG, Vienna, Austria), and xanthan (Carl Roth GmbH, Karlsruhe, Germany) were the matrix carrier systems. Purified water was used as a plasticizer.
The in vitro drug release studies were carried out with 0.1 N hydrochloric acid (HCl) and a trisodiumphosphatedodecahydrate buffer purchased from Merck, Darmstadt, Germany. For the dose dumping studies, absolute ethanol (EP) was purchased from VWR International, Darmstadt, Germany. The mobile phase for the reversed-phase (RP) 
Drug Solubility Determination
The drug solubility was determined in (a) water, (b) 0.1 N HCl, (c) 0.1 N HCl with ethanol concentrations of 20 and 40% (v/v), and (d) pure ethanol (96 v%). Saturated solutions were prepared and stored in an incubator shaker at 37±0.5°C for 48 h. Samples of 1 ml were taken, filtered through a cellulose acetate filter (pore size 0.2 μm), and, if necessary, diluted. The concentration of the dissolved drug was quantified via UV/vis spectrometry at wavelengths of 244 nm (antipyrine) and 284 nm (codeine phosphate). The solubility studies were performed in triplicate.
HME Process
Extrusion was based on the NANEX process (21), which allows side feeding of aqueous drug suspensions and solutions directly into a molten polymer that is miscible with water (22) . The matrix material (i.e., cornstarch, xanthan, and gum arabic) in powder form was placed into a co-rotating twin screw extruder (ZSK 18, Coperion GmbH, Stuttgart, Germany). The model drugs (i.e., codeine phosphate hemihydrates and antipyrine) were dissolved in purified water (i.e., plasticizer) at concentrations of 0.5 and 1.0 g/ml for codeine phosphate and 1.0 g/ml for antipyrine. The solutions were fed from the side into the extruder containing the matrix melt. For codeine phosphate, two concentrations were used to provide different drug loadings while keeping the water content constant. Details regarding the process parameters are summarized in Table I .
The matrix material was fed into the extruder via a gravimetric dosing device (K-Tron, Niederlenz, Switzerland) at a feeding rate of 0.5 kg/h. The screws had a length-to-diameter ratio (L/D) of 40, and the barrel consisted of 10 individually controllable heating sections. The screw speed was 200 rpm. The drug solutions were fed via a calibrated peristaltic pump (Ismatec IP 65, IDEX Health & Science GmbH, Wertheim, Germany) into barrel 3 of the extruder. The feeding rate of the aqueous solution was adjusted to 100 g/h to yield a final drug loading of 20% for antipyrine and of 10 and 20% for codeine phosphate. The material was extruded through a die plate with die holes of 1.0 mm in diameter. The cornstarch/ antipyrine formulation was also extruded through a die plate with die holes of 1.5 mm diameter. The homogeneous strands were cut directly at the die face using a hot die face pelletizer (23) (Automatik Plastics Machinery GmbH, Großostheim, Germany) with two rotating knives developed in-house. The rotational speed of the knives was adjusted manually to obtain pellets in the desired size range (i.e., 1.25-1.40 mm), which were immediately air-cooled (24) . An overview of the formulations and the processing parameters is provided in Table I .
Loss on drying (LOD) of the pellets was determined using an oven at 60°C for 24 h. Pellets were sieved according to Pharm. Eu. 7.0/2.09.38.00 using analytical DIN sieves (Retzsch GmbH, Haan, Germany). The pellet fractions between 1.25 and 1.4 mm were applied for further characterization studies.
Coating Process
Selected pellet formulations were coated with Aquacoat ® ARC, as proposed by Rosiaux et al. (25) (26) (27) . The coating dispersion was prepared by mixing Aquacoat ® ECD 30 and guar gum at a ratio of 93:7. Prior to mixing, Aquacoat ® ECD 30 was plasticized with 25% TEC (w/w; based on the total polymer content) at room temperature for 30 min. Guar gum was dissolved in purified water under stirring at 65°C for 2 h. After cooling down to room temperature, the two solutions were mixed and stirred for 30 min. To reduce the stickiness of the coating formulation, talc (50% w/w; based on the total polymer content) was added as an anti-tacking agent.
The pellets were coated in a fluidized bed coater (Mycrolab H00472, Oystar Hüttlin, Schopfheim, Germany) equipped with a bottom sprayer. The coating conditions were as follows: inlet air volume 25 m 3 /h, inlet air temperature 38°C, spray rate 2 g/min, spray air pressure 1.2 bar, microclimate pressure 0.6 bar, nozzle diameter 1.2 mm, and coating level 20%. After coating, the pellets were dried in the fluidized bed coater for 15 min.
Characterization of Drug-Loaded Pellets
Differential Scanning Calorimetry Analysis
The solid-state properties of the hot-melt-extruded pellets were characterized using a differential scanning calorimeter (DSC 204F1 Phoenix ® , Netzsch GmbH, Selb, Germany). For comparison reasons, we evaluated the thermal behavior of the model drugs, the matrix materials, and mixtures of the matrix materials with 20% purified water that acted as a plasticizer during extrusion. Samples of about 5 mg were placed into hermetically sealed aluminum crucibles and scanned with pure nitrogen as the analytical gas between 25 and 200°C at a heating rate of 50 K/min and at a flow rate of 20 ml/min. After cooling to 25°C at 10 K/min, a second heating run was performed. An empty aluminum crucible was used as a reference. The DSC data analysis was conducted with Proteus Thermal Analysis software (Netzsch GmbH, Selb, Germany). Each sample was evaluated in triplicate.
Pellet Compression Strength
The pellet compression strength was determined with a conventional tablet hardness tester (PTB 111 E, Pharma Test, Hainburg, Germany) by recording the hardness values of 10 randomly picked pellets from each batch.
Additionally, the compression force of the pellets was studied using a rheometer (Physica MCR 301, Anton Paar GmbH, Graz, Austria) equipped with a parallel plate measuring system in the non-rotational mode. A single pellet was manually placed in the center of the lower plate. The upper plate was moved down at a constant velocity of 0.5 μm/s. Based on the force displacement diagrams, the maximum force of plastic deformation upon pellet fraction (F) was determined. The crushing strength (σ) was calculated from F and the diameter of each pellet (d) according to Shipway et al. (28) :
From each batch, 50 pellets were tested with the rheometer.
In Vitro Dissolution Studies
All in vitro dissolution tests were carried out via the USP 28 rotating basket method <711> in a USP apparatus I (Pharma Test, Hainburg, Germany). The rotational speed was 100 rpm, and the temperature was 37±0.5°C. The dissolution medium consisted of 750 ml 0.1 N HCl. After 2 h, 250 ml trisodiumphosphate-dodecahydrate buffer was added to increase the pH from 1.2 to 6.8. For the ADD studies, we used 900 ml HCl (0.1 N) with ethanol concentrations of 20% (equivalent to mixed drinks) and 40% (equivalent to hard liquor) (v/v) and tested them for 2 h. The pellet sample weight was adjusted to 1 g to ensure perfect sink conditions in all dissolution media without exceeding the maximum single dose. Samples of 1 ml were withdrawn at predetermined time intervals. Each batch was investigated in triplicate.
To compare the drug release profiles in alcoholic and non-alcoholic media, the f 2 similarity factor was used (29):
where n is the number of dissolution time points considered and R t and T t are the percentages of drug dissolved of the reference and test formulations at time point t. In general, an f 2 value in the range of 50-100 indicates that the dissolution profiles are similar.
Drug Quantification
Drug quantification of the dissolution samples was performed via reversed-phase (RP) high-performance liquid chromatography (HPLC) for antipyrine and via UV/vis spectroscopy for codeine phosphate.
The HPLC analysis was carried out using a MerckHitachi system (Tokyo, Japan) at 35°C. As the stationary phase, a C18 MOS-Hypersil column (250×4 mm×5 μm; 120Ǻ pore size; VDS optilab, Berlin, Germany) was applied. The mobile phase consisted of MilliQ water, which was adjusted to pH 3.0 with phosphoric acid and a 50:50 (v/v) mixture of acetonitrile and methanol (isocratic mode 58:42 (v/v)). The injection volume was 20 μl and the flow rate was 1 ml/min. The drug was analyzed with a model series L-4250 UV-VIS detector at a wavelength 230 nm. For quantification, a single-point calibration with 100% standard solution of the active pharmaceutical ingredient (API) was used.
The codeine phosphate quantification was performed with a UV spectrophotometer (Spectronic Genesys 5, Spectronic Instruments Inc., Rochester, USA) at a wavelength of 248 nm. The samples were diluted, if necessary, and quantified via an external standard (i.e., calibration curve).
RESULTS AND DISCUSSION
Drug Solubility Determination
Since a drug's solubility in the dissolution medium strongly affects the dissolution rate, the solubility of antipyrine and codeine phosphate was determined in water, acidic media with and without ethanol (20 and 40%), and in 96% ethanol (Fig. 2) . The results indicate that antipyrine is highly soluble in all tested media. The ethanol content did not affect the solubility until its concentration reached 40%. In 96% ethanol, the solubility decreased significantly due to the different polarity/dielectric constants of the solute and the solvent. However, antipyrine was still highly soluble in 96% ethanol (30) . In contrast, the solubility of codeine phosphate markedly decreased with the increasing ethanol concentrations (31) and was very low in 96% ethanol. It can be concluded that the addition of ethanol lowered the dielectric constant in relation to pure water, and hence, the solubility decreased (17, 32, 33) .
Preparation of Pellets via HME
According to the literature, extrusion of pure native starch is not possible and adding water is required to achieve gelatinization and to transform starch into a homogeneous matrix (34) . Starch is composed of α-D-glucosyl units. It comprises amorphous regions as well as crystalline domains in the short-chain clusters of amylopectin. During extrusion, the starch granules are destroyed by mechanical disruption of molecular bonds due to the intense shear forces within the extruder and loss of crystallinity is caused (i.e., gelatinization of starch) (35) .
When cornstarch was extruded in our experiments with water at process temperatures between 65 and 85°C, glassy-like yellowish spherical pellets with a smooth, homogeneous surface structure were obtained. The pellets were very flexible and elastic, exhibiting mechanical properties suitable for abuse-deterrent dosage forms.
To the best of our knowledge, xanthan and gum arabic have not been used as matrix materials for HME to date. Xanthan is assigned to the polysaccharides from the chemical point of view and comprises D-glucose, D-mannose, and D-glucuronic acid. Gum arabic is a complex mixture of glycoproteins and polysaccharides. Both, xanthan and gum arabic are crystalline. During extrusion, it is assumed that crystallite softening occurs.
When gum arabic and xanthan were extruded without any plasticizers (i.e., water) at process temperatures of 60-85°C, a non-molten powdery and brittle mass was obtained. At higher process temperatures (i.e., 80-200°C), the substances failed to melt and became charred. However, when water was added as a plasticizer, smooth pellets with a yellowish coloration were produced via HME. They were slightly sticky since the amount of water added was rather high (∼20%), which was necessary to obtain suitable strands for further downstream processing (die face cutting). The gum arabic and xanthan pellets had a cylindrical shape, possibly due to faster solidification (and thus less time for forming a spherical shape), compared to cornstarch (24) . Nevertheless, they were considered to be suitable for providing abuse deterrence due to their deformable character.
The next step was to incorporate drugs at various concentrations. While adding antipyrine to the starch matrix decreased the torque from 18 to 7% (Table I) due to the plasticizing effect of the drug, incorporating codeine phosphate increased the torque values (i.e., 22%; Table I ). Adding 20% codeine phosphate resulted in highly viscous strands that were not suitable for hot die face pelletizing. Decreasing the drug loading to 10% yielded strands that could be cut into spherical pellets via die face pelletizing. Once again, the pellets were very flexible and elastic.
Incorporating antipyrine into the xanthan matrix decreased the extrusion temperatures from 70-85 to 50-83°C due to the plasticizing effect of the drug. This is confirmed by the torque value that decreased from 16 to 2% (Table I) . Adding antipyrine to the gum arabic matrix slightly reduced the required process temperatures (i.e., from 60-75 to 60-65°C). Additionally, the torque decreased from 25 to 11% (Table I) , indicating the plasticizing effect of antipyrine. Similarly to the drug-free pellets, the drug-loaded xanthan and gum arabic pellets were smooth and sticky, with a yellowish coloration. As before, the pellets were not spherical but rather cylindrical in shape. The placebo pellets exhibited approximately 20% w/w LOD, which decreased by drug addition. Incorporating antipyrine led to approximately 17% w/w LOD for all pellet formulations. The cornstarch/codeine phosphate pellets showed 15% w/w LOD. However, the added total amount of water was kept constant for all formulations. It is assumed that the lower weight loss during drying of antipyrine-and codeine-phosphate-containing pellets may be due to drug-bound water.
The pellets that were extruded with the 1.0-mm die had a yield of >50% of the sieve fraction between 1.25 and 1.40 mm.
Characterization of Pellets
Thermal Characterization
First, we evaluated the thermal behavior of the matrix materials in the presence of water (i.e., a plasticizer during Fig. 2 . Solubility of model drugs in various media at 37±0.5°C. Mean values±SD (n=3). As the standard deviation was very low, it is not clearly visible from the graph. Solubility of codeine phosphate is based on the data of Jedinger et al. (27) extrusion) via DSC (Fig. 3a-d) . For pure cornstarch and xanthan, a broad endothermic event with an onset at 107.4 and 115.0°C was recorded during the first heating cycle (data not shown) due to water loss (36) . Upon cooling and reheating, no thermal events were observed. The glass transition (Tg) of pure cornstarch, which occurs at around 58°C (37), was not detected via conventional DSC with comparatively low heating rates (37, 38) . The thermogram of pure gum arabic showed no thermal events in the investigated temperature range (i.e., 20-200°C) . Adding water to the Fig. 3 . a-d DSC scans of the model drugs (i.e., antipyrine, codeine phosphate), matrix materials (i.e., cornstarch, gum arabic, xanthan) with the addition of 20% purified water (two heating cycles shown), and hot-melt-extruded pellets (one heating cycle shown) matrix materials resulted in a broad endotherm with an onset between 100 and 120°C due to water evaporation (Fig. 3a-d) .
No thermal events were observed during cooling and the second heating cycle for all matrix materials. Since no degradation occurred under 200°C, the matrix materials were considered to be stable at the applied extrusion temperatures (i.e., 50-85°C).
Additionally, DSC was used to investigate the solid state of the model drugs and hot-melt-extruded pellets (Fig. 3a-d) . The thermogram of the first heating cycle of antipyrine clearly indicated one sharp endotherm at 113.6°C (onset 107.6°C), which corresponds to melting. No thermal events were observed during cooling, suggesting that the drug was in its amorphous state after cooling. Upon reheating, one exothermic event and one endothermic event were recorded. The exothermic signal at 31.8°C (onset 26.5°C) was due to recrystallization of the amorphous drug, followed by melting at 113.6°C (onset 104.7°C) (39) . Upon heating, codeine phosphate had three endothermic events (Fig. 3d) corresponding to water loss, structural rearrangement, and melting. For detailed interpretation, please refer to Jedinger et al. (31) .
The DSC scan of the cornstarch/antipyrine pellets indicated one endothermic event at 70.8°C (onset 63.3°C) (Fig. 3a) . The endotherm was attributed to the gelatinization (melting) of the starch granules, which occurs at around 70°C with high water contents (40) . For the gum arabic/antipyrine pellets, one endotherm was detected at 71.0°C (onset 63.7°C), which corresponds to crystallite melting of gum arabic (Fig. 3b) (41) . During the first heating of xanthan/antipyrine pellets, a broad endothermic event occurred at 129.4°C (onset 88.7°C) due to moisture evaporation (Fig. 3c) . Since the melting peak of antipyrine did not show in the heating thermograms of starch/antipyrine and gum arabic/antipyrine pellets, it was assumed that the drug molecularly dissolved in the matrix, which agrees with previous studies (24, 42) . For the xanthan/antipyrine pellets, the solid state of antipyrine could not be determined since the melting endotherm of antipyrine appears in the same temperature range as the moisture evaporation does.
The thermogram of the cornstarch/codeine phosphate pellets suggests an endothermic event at 181.2°C (onset 176.4°C), which corresponds to the structural rearrangement (43) of codeine phosphate (Fig. 3d) . The presence of crystalline codeine phosphate indicates that the drug did not molecularly dissolve in the cornstarch matrix. However, the characteristic endotherm of the drug broadened and shifted slightly towards lower temperature.
No thermal events were observed during cooling and the second heating cycle for all pellet formulations (data not shown).
Pellet Compression Strength and Physical Manipulation
The compression force of the drug-loaded pellet formulations exceeded the maximum force that can be applied by the rheometer (i.e., 50 N). All tested pellets deformed but yet did not break, suggesting that the force required for compression was higher than 50 N. Consequently, the compression force could not be determined and the compression strength could not be calculated from Eq. (1). Fig. 4 . Hot-melt-extruded xanthan/antipyrine (20%) pellets a before and b after grinding with a mortar and a pestle Fig. 5 . In vitro drug release profiles of the following: a formulation 2 (cornstarch/antipyrine (20%) pellets), formulation 6 (xanthan/antipyrine (20%) pellets), and formulation 8 (gum arabic/antipyrine (20%) pellets), and b formulation 3 (cornstarch/codeine phosphate (10%) pellets) in non-alcoholic media over 8 h. Mean values±SD (n=3). As SDs were very low, they are not clearly visible in the graph Additionally, the compression force was determined via a conventional tablet hardness tester with a maximum applicable force of 500 N. Again, the pellets deformed but did not recover (i.e., plastic deformation), implying that the force necessary to crush the pellets exceeds even 500 N. That means that a single pellet can be loaded with a mass of 50 kg without being crushed.
Physical (mechanical) manipulation was tested according to the FDA's draft guidance on abuse-deterrent opioids (8) : the pellet formulations were ground first with a spoon (i.e., a common household device) and then, more sophisticated, with a mortar and a pestle. Both manipulation methods resulted in large sticky fragments and no fine powders were obtained (Fig. 4) . This shows that physical manipulation is impeded for all tested pellet formulations due to their high compression strengths independent upon the formulation composition.
In Vitro Drug Release of Hot-Melt-Extruded Pellets Figure 5a illustrates the API release from the antipyrine pellets in non-alcoholic media. Due to the physicochemical properties of both, the pellet matrix and the drug, all pellets had an immediate drug release. High solubility of antipyrine in the dissolution media (i.e., 743.3 mg/ml) led to a fast drug release. Dissolution was fast also because the tested matrix materials (gum arabic, xanthan, and cornstarch) did not contain their shape during dissolution testing and did not retard release. Hence, diffusion of dissolved antipyrine through the matrix was not a rate-limiting step. While the gum-arabicbased pellets dissolved completely within 30 min due to physical erosion and subsequent degradation (44) , the xanthan pellets swelled without dissolving, forming a highly viscous gel due to uncoiling of the structure and the formation of hydrogen bonds with the water molecules (45) . Typically, a gel layer forming on the outer surface of a dosage form is considered to control drug release (46) . However, the pellets produced in the process had a high specific surface area, resulting in complete hydration and dissolution of the pellets. After 30 min, individual pellets were not visible anymore and the rate-controlling effect was not observed. Also, the cornstarch pellets swelled to a great extent. Here, individual pellets were still present throughout dissolution testing (see also Bialleck et al. (24) ). Again, the hydrophilic gel layer that formed upon contact with the aqueous media did not control the drug release due to the high specific surface area of the pellets.
Since starch was the most promising matrix for achieving a prolonged drug release, a different model drug, codeine phosphate, was incorporated. As illustrated in Fig. 5b , the amount of codeine phosphate released was lower compared to the starch/antipyrine pellets. Around 33% of codeine phosphate was detected in the dissolution media after 10 min. The pellets continued the drug release for 2 h, followed by an entire release of the API after 3 h. This can be explained by a lower solubility of codeine phosphate in 0.1 N HCl compared to antipyrine.
Although none of the cornstarch-based formulations had a prolonged release profile, they stayed intact throughout the dissolution testing. Together with their elastic behavior and high mechanical resistance to tampering with common household devices, this makes cornstarch-based codeine-phosphateloaded pellets perfect candidates for further development. Thus, Aquacoat ® ARC, a coating material known to retard drug release and to prevent ADD, was applied (25, 27, 47) . Aquacoat ® ARC consists of ethanol-soluble Aquacoat ® ECD 30 and ethanol-insoluble guar gum. Aquacoat ® ECD 30 remains intact in water and thus retards the release in aqueous media. The rate-controlling effect of the coating in the presence of ethanol is due to guar gum, which is insoluble in ethanol (47) . Thereby, guar gum acts as a protective layer for the ethanol-soluble ethylcellulose, leaving the releasecontrolling film intact in the presence of ethanol (47) . Moreover, guar gum increases the mechanical strength of the film (27) , which is further enhanced by adding TEC (plasticizer), resulting in high elongation at breaking. The cornstarch pellets also showed high compression strengths and did not break but rather deformed, which means that grinding was impossible. Thus, if two highly flexible systems are combined, the possibility for abuse by mechanical destruction is decreased.
The dissolution studies of the coated pellets demonstrated that a coating level of 20% led to a significantly (p<0.05) decreased drug release rate, compared to the non-coated pellets (Fig. 6) . After 1 h, 20% of the drug was released, and after 2 h, only 40% was detected in the dissolution media. This indicates that adding Aquacoat ® ARC was suitable for achieving a prolonged release from cornstarch pellets. To verify if this coating material can be alcohol resistant for 2 h, the pellets were tested in 20 and 40% ethanolic media and compared with the uncoated pellet formulation. Figure 7a clearly shows that the drug release of uncoated pellets depends on the ethanol concentration. Interestingly, the pellets were robust in 40% alcoholic media (f 2 =59.77). However, adding 20% ethanol to acidic media markedly increased the drug release rate (f 2 =35.86) and led to dose dumping. This can be attributed to the effect of ethanol on the starch gel layer formation and the solubility of codeine phosphate (17, 48) . In general, the swelling behavior and the API release depend on the penetration of dissolution media into the pellet. Thereby, the free volume between the polymer chains increases and a gel layer that controls the drug release is formed (48) . Upon contact with acidic media (without any ethanol) the cornstarch/codeine phosphate pellets immediately begin to swell. The formed gel layer acts as a protective barrier, which controls diffusion of the drug from the pellets and the drug release rate. Adding ethanol to the dissolution media inhibits the initial interaction between the ethanolinsoluble cornstarch matrix and the surrounding media and hinders the formation of a uniform and stable gel layer, leading to an uncontrolled release of the drug from the pellets. As such, the drug release rate is not controlled by the gel layer but is rather a function of the drug's solubility in ethanol, which is lower in 40% ethanol than in 20% ethanol (i.e., 186.09 and 273.33 mg/ml, respectively). Figure 8b , c clearly indicates that swelling is impeded with increasing alcohol content. Figure 7b shows that drug release from the coated cornstarch/codeine phosphate pellets was not significantly affected by adding 20 and 40% ethanol (p=0.54 and 0.72). The estimated f 2 values of 62.13 and 70.96 confirmed that no dose dumping occurred. Again, the drug release was higher in 20% than in 40% alcoholic media, which was also observed in a previous study (31) .
CONCLUSIONS
This paper reports the development of drug-abusealcohol-deterrent multi-unit dosage forms (i.e., pellets) based on matrix systems (i.e., cornstarch, gum arabic, xanthan). The pellets were manufactured via an advanced, continuous onestep HME process, during which a defined amount of water was directly fed into the matrix melt yielding deformable pellets that are tamper resistant. Formulations based on xanthan and gum arabic showed immediate drug release (i.e., complete release within less than 30 min). In contrast, cornstarch-based pellets retarded the drug release up to 3 h. To prolong the drug release and to provide resistance against ADD, cornstarch pellets were coated with Aquacoat ® ARC. Overall, it was shown that processing cornstarch via advanced HME increased its resistance to common tampering practices. In combination with a coating process, this matrix system has the potential not only to diminish the abuse but also to prevent ADD.
